Abstract: Poly(ε-caprolactone) (PCL) grafted on silicon wafer with different thickness (10 to 100 nm) were prepared by surface-initiated ring-opening polymerization (ROP). The morphologies, crystallinity, and crystallization rate of different thickness thin films have been investigated by atomic force microscopy (AFM) and Fourier transform infrared spectroscopy (FTIR). The nascent morphology of the as polymerized 15 nm film was found to be nodular structure form. As the film thickness increased, the nodular structures gradually aggregated to form flat-on lamellae. When the film thickness reached 100 nm, the surface of silicon wafer was covered with a whole layer of flat-on lamellae. The isothermal crystallization study on 100 nm film had shown that the tethered PCL chains could only crystallize in the form of flat-on lamellae. FTIR study had showed that the crystallinity decreased significantly with the film thickness decreasing, while the half-crystallization time increased as the film became thicker. The halfcrystallization time increase of thicker film was supposed to relate with the degree of chain entanglement in the tethered brushes.
Introduction
Polymers brushes grafted on solid surfaces have been extensively studied, with a range of objectives including improved wetting, friction, absorption, and adhesion [1-4. Surface-initiated polymerization gives more robust, dense polymer films than other methods such as spin-casting or the "grafting-onto" approach. Many polymerization methods, including radical [5] [6] [7] [8] [9] [10] [11] [12] [13] , cationic [14] [15] [16] , anionic [17] [18] , ring-opening metathesis [19] [20] [21] , and ring-opening polymerization [22] [23] [24] [25] [26] [27] [28] [29] have been applied to surface-initiated polymerization. The ring-opening polymerization (ROP) is a living method suitable for grafting the biodegradable polyester from solid surface, and the coated solid substrates generated would find applications in the biomedical areas, such as passivation of drug-delivery devices and implants, generation of microenvironments for tissue engineering, and formation of biologically responsive surfaces [30] [31] [32] . Langer and Choi [27] reported Sn(Oct)2-catalyzed, surface-initiated polymerization of L-lactide (LA) from gold and silicon oxide surfaces to coat the surfaces with a biocompatible and biodegradable poly(lactic acid) (PLA). Hedrick and co-workers [28] demonstrated Sn(OTf)2-catalyzed SIP of LA, where PLA was grown from a gold surface in a living fashion. Poly(ε-caprolactone) (PCL) was also reported to grow from a polymer surface and a gold surface by ROP [26] .
The polyesters grafted on solid surfaces can still crystallize. For example, Langer [27] annealed the PLA brushes and found that the surface morphology changed. He presumed that the change might arise from the crystallization of PLA. Chio [22] also presumed that the nonuniformity of poly(p-dioxanone) (PPDX) film might arise from the crystallization of PPDX. The attachment of these crystallizable polyesters to the solid surface is expected to have profound effects on their crystallization behavior and morphologies. Though the crystallization nature of the polyesters grafted on the solid surface have been found, no work has been found to study the crystallization behavior of the grafted polyesters until now.
PCL, a "model" semi-crystalline polymer, can be considered as an alternative model for the study of polymer crystallization, with a crystal structure very close to that of polyethylene [33] . PCL ultrathin films (1-200 nm) have been found to crystallize with lamellae oriented flat on [34] . The spherulitic morphology changes and the growth rate decreases with the film thickness were explained by the reduced diffusion of the polymer chains from the melt to the growing crystal in constrained geometry.
In this paper, different thickness PCL films (10 to 100 nm) were grown from flat silicon surfaces by a combination of formation of self-assembled monolayers terminating in hydroxyl groups and surface-initiated, ring-opening polymerization of ε-caprolactone. The surface morphologies, chain conformation and crystallization behavior of the grafted PCL films were studied with AFM and FTIR.
Results and discussion
In the surface-initiated polymerization, the first step is the preparation of an initiatorfunctionalized surface. Silicon wafers were chosen for this investigation, since polymers anchored would not desorb from the surface during the crystallization process. SAMs of alkylalkoxysilanes on silicon oxide are generated by in situ formation of poly(siloxane) connected to silanol groups on the silicon oxide surface. PCL was polymerized from the hydroxyl group of the silane on silicon oxide surfaces (Scheme 1). By controlling the polymerization time and the molar ration of ε-caprolactone monomer to triethylaluminum, different thickness films could be prepared. The thickness of PCL brushes were measured by cross-sectional analysis of AFM height images, and four PCL films with thicknesses of 100, 70, 40, 15 nm were prepared and investigated. Figure 1 shows the IR spectra of the grafted PCL films. The C-H stretching peaks at 2943 cm-1 and the C=O peak around 1735 cm-1 indicated the presence of PCL [37] . PCL is a semicrystalline polymer in the solid state, and the carbonyl vibration region of the PCL sample is sensitive to the crystallinity of the polymer [38] . The absorption band at 1726 cm-1 in the IR spectra of PCL was assigned to that of the highly ordered crystalline structure while that observed at ca.1736 cm-1 was attributed to the amorphous phase [39] . For the grafted PCL films with different thickness, the C=O peak changed: 1732 cm-1 for 100 nm, 1733 cm-1 for 70 nm and 1734 cm-1 for 40 nm (15 nm thick film is too thin to be measured). The result indicated the presence of crystallinity of the grafted PCL films.
Fig. 1. FT-IR spectrum of grafted PCL films.
AFM is an excellent tool to reveal the surface morphologies of these samples. The nascent morphologies of the as polymerized PCL film are shown in Fig. 2 . It was found that when the thickness was 15 nm, the surface of the silicon was covered a thin layer of PCL brushes with nodular structures as shown in Fig. 2a . As the film thickness increased to 40 nm, the nodular structures gradually aggregated to flat patches as indicated by the arrows in Fig. 2b . The flat patches increased as the film became thicker as shown in Fig. 2c and d . And when the film thickness reached 100 nm, the silicon surface was covered a full layer of polymer brushes. The boundary between various flat patches was still discernable as indicated by the arrow in Fig.  2d .
The grafted 100 nm thick PCL film was heated to 70 o C and hold for 5 min, and then cooled and hold at 45 o C for 4 h. The surface morphology was studied with AFM and flat patches appeared. The gradual morphological changes during heating is shown in Fig. 3 . It was found that the flat patches gradually shrink as the temperature was increased as indicated by the arrows in Fig. 3b and c. As the temperature was increased to 57 o C, almost all flat patches disappear, which was very near to the melting point of PCL. So we deduced that the flat patches were the flat-on lamellae of PCL. According to the band shifting in FTIR spectrum and the patches gradual disappearance during heating, it can be inferred reasonably that the flat patches are the flat-on lamellae formed by the PCL chains. The isothermal crystallization behavior of the 100 nm PCL film was studied with a high-temperature AFM in-situ and in real time at 45 o C after melting at 70 o C (Fig. 4) . The crystallization temperature was chosen in order to follow the crystal growth front with AFM, and the round pot was marked by circle as the reference point. Fan-like flat-on lamellae formed on the top part of the image as indicated by the dotted line circles in Fig.4a , and the lamellar morphology and growth behaviour is shown in Fig.  4b -f. It could be found that with the isothermal crystallization time increasing, the flaton lamellae spread all around. However, the flat-on lamellae did not grow at the same rate in all directions. For two growth fronts in Fig.4a -c, the growth front 1 spreads at a much slower rate than that of front 2, which could be distinguished from the distance from the reference circle point. The non-constant growth rate of the lamellae means that the film was not uniform. The thickness of the lamellae formed at 45 o C was measured by cross-sectional analysis of AFM height image (Fig. 5) . The lamellar thickness obtained ranges from 8 to 12 nm. FTIR was further used to study the conformation and structure change during isothermal crystallization. Figure 6 showed the IR spectra of grafted 100 nm thick PCL film in the 1760-1705 cm-1 region at different times during isothermal crystallization at 45 oC, where bands due to the C=O stretching modes were expected to appear. It could be seen that as the crystallization time increases, the 1736 cm-1 band gradually decreases while the 1726 cm-1 band increases, though not so much obvious [40] . These spectra variations reflected the crystallization process of the polymer film. Inoue [38] quantitatively estimated the crystallinity of PCL by employing FTIR and curve-fitting techniques, and the degree of the crystallinity determined was comparable with those obtained by other conventional techniques. The degree of the crystallinity was measured by fixing the amorphous band at 1736 cm-1 and the crystalline band at 1726 cm-1 with the curve-fitting method as reported by Inoue (Fig. 7) . Figure 8 showed the change of the crystallinity with time of different thicknesses (i.e.,100, 70, 40 nm) (15 nm thick film is too thin to be measured), during isothermal crystallization at 45 oC. With the film thickness decreasing, the crystallinity decreases significantly. The crystallinity was about 20% for 100 nm film, 10% for 70 nm film, and 5% for 40 nm film. The half-crystallization time reflects the crystallization rate of semi-crystalline polymers. Figure 9 presented the results of the half-crystallization time for grafted PCL films. The half-crystallization was 18 min for 40 nm film, 28 min for 70 nm film and 45 min for 100 nm film. It was found that the half-crystallization time increased as the film become thicker. For ultrathin films, the half-crystallization time decreased with thicker films due to the chain diffusion effect [34] . However, the results obtained are quite different from that of ultrathin films. It was supposed that the half-crystallization time variation was related to the length of PCL tethered chains. For thinner film such as 40 nm, the free chain length was much shorter than that of 100 nm, and the degree of chain a b entanglement in the tethered brushes should also be lower than that of 100 nm film. So, there should be shorter time for chains to adjust conformation and pack into the crystal lattice, which would lead to higher crystallization rate of thinner film.
From the results of AFM and FTIR, it could be found that the crystallization behavior of grafting PCL thin films was quite different from that of free ultra thin films [34] . The anchoring of one chain end on the silicon wafer, restricts the part of the molecule chain close to the anchoring point from movement, resulting in that the PCL molecules in the grafted film cannot migrate freely [41] . During the isothermal crystallization, part of the chains would lose the crystallization capability. So the thin grafted film of 15 nm cannot crystallize. But the longer molecule chain in thicker film overcame the restriction, the part of the molecular chain far from the anchoring point had some extent of mobility, and the extent increased with the thickness. When the film thickness was larger than 15 nm, the tethered chains could pack into the lattice and crystallize. 
Conclusions
PCL brushes grafted on silicon wafer with four different thickness (15, 40, 70 and 100 nm) were prepared by surface-initiated ring-opening polymerization (ROP). The nascent morphology of the as polymerized 15 nm film was found to be nodular structure form. As the film thickness increased, the nodular structures gradually aggregated to form flat-on lamellae. When the film thickness reached 100 nm, the surface of silicon wafer was covered with a whole layer of flat-on lamellae. The isothermal crystallization study on 100 nm film had shown that the tethered PCL chains could only crystallize in the form of flat-on lamllae. FTIR study had showed that the crystallinity decreases significantly with the film thickness decreasing, while the half-crystallization time increased as the film become thicker. The half- crystlalization time increase of thinner film was supposed to relate with the degree of chain entanglement in the tethered brushes.
Experimental part
The silane HO(CH 2 ) 2 NH(CH 2 ) 2 NH(CH 2 ) 3 SiCH 3 (OCH 3 ) 2 was distilled under reduced pressure. Toluene was purified by distillation over sodium. ε-caprolactone was dried over calcium hydride and distilled under reduced pressure. Triethylaluminum (AlEt 3 ) was used as received.
Freshly cleaned silicon substrates were placed into a toluene solution of the silane (1 vol %) for 6 h. After the deposition was complete, the modified substrates were removed from the solution and rinsed several times with toluene.
Polymerization: The prepared silicon substrate was treated with triethylaluminum in toluene for 0.5 h. The monomer, ε-caprolactone, was then added by syringe and the mixture stirred at room temperature for 5 h. After the reaction, the silicon substrate was removed and washed repeatedly with dichloromethane, toluene.
Tapping-mode AFM images were acquired using a NanoScope IIIA MultiMode atomic force microscope (Digital Instrument) equipped with a high temperature heater accessory (Digital Instrument). The experimental details of high-temperature AFM can be found elsewhere [35] . Both topographic and phase images were recorded simultaneously. For in-situ AFM observations, the samples were heated to 70 For the FTIR experiment, the samples were set on a Bruker P/N 21525 series variable temperature cell, which was placed in the sample compartment of a Bruker EQUINOX 55 spectrometer equipped with a DTGS detector. The measurements were obtained by an average of 32 scans and a resolution of 4 cm-1, which took about 30 s. A homemade heating stage was used to assist the in-situ FTIR spectra in the temperature range from ambient temperature to100 oC. Accuracy of temperature was controlled to be ±0.3 o C [36] .
